Recent studies have shown that preferential adsorption of random heteropolymers on disordered multifunctional surfaces occurs when the statistics describing the monomer sequence and the statistics describing the distribution of sites on the surface are matched in a certain way. The polymers undergo a sharp transition from weak to strong adsorption, indicative of pattern recognition. In this work, we continue to study the behavior of random heteropolymers as they adsorb on disordered surfaces using a nonreplica mean-field model that accounts for distinct and competitive interactions both among the polymer segments as well as between the polymer segments and sites on the surface. We find that strong interactions between polymer segments and between segments and sites on the surface are dominated by energetically favorable contacts among the segments and between segments and surface sites, respectively. Our results indicate that the polymers strongly adsorb in conformations that allow for a very small number of contacts between the segments, implying that the polymers strongly adsorb in relatively flat and stretched conformations.
I. INTRODUCTION
In the past several years, various experimental and theoretical efforts have been made to understand pattern recognition in macromolecules ͑see Ref. 1 for a review͒. Pattern recognition is an essential mechanism in many biological processes. For example, the specific sequence of amino acids of a protein is recognized by cell or virus surfaces also bearing a specific pattern of receptors. [2] [3] [4] [5] [6] Through recognition, specific biological processes are carried out. In this article, we investigate some properties of such biological systems that can be exploited in synthetic systems. A coarse-grained picture of biopolymers and biological surfaces reveals specific but aperiodic patterns of the multiple functional groups. 7, 8 Thus, one possible speculation is that two ingredients necessary for recognition in macromolecules could be multifunctionality ͑two or more different monomers units͒ and a monomer sequence that exhibits a quenched disorder. The simplest macromolecules that bear these two features are random heteropolymers ͑RHPs͒, which are synthetic polymers made up of two or more chemically different monomer units that are distributed along the chain backbone in a random sequence. However, unlike proteins that bear a specific pattern of the amino acid residues, the pattern of the monomers along the chain backbone of RHPs is statistical.
Adsorption studies of RHPs on statistically disordered surfaces suggest that these systems show pattern recognition similar to that seen in biological systems. The polymers undergo a sharp transition from weak to strong adsorption at a surface characterized by a certain statistical distribution of adsorbing sites, and thus are able to discriminate between surfaces. [9] [10] [11] [12] [13] Very recently, kinetic studies of pattern recognition have shown that disordered heteropolymers with certain statistics will quickly find a compatible pattern-matched region on the surface and will strongly adsorb on that region. 14 Such studies raise obvious possibilities for designing surfaces that can ''recognize'' statistical patterns of synthetic RHPs and adsorb them strongly. This may be profitably exploited in a range of applications including the development of sensors, viral inhibition agents, [2] [3] [4] [5] chromatographic materials, 3 and molecular templates. [15] [16] [17] [18] In this article, we explore the role of multifunctionality and quenched disorder in pattern recognition using a simple analytical theory. The model was first introduced in this context by Chakraborty et al. 12 to study pattern recognition between ideal RHPs ͑theta solvent conditions͒ and multifunctional disordered surfaces. In this work, we generalize the model to RHPs with distinct and competitive interactions among the segments. We model RHPs with two different types of monomer units, where similar segments form energetically favorable contacts and different segments form energetically unfavorable contacts. In addition, the monomers interact with the different sites on the surface to form energetically favorable or unfavorably contacts. Kinetic studies of pattern recognition between RHPs and disordered surfaces have found that although the RHPs will adsorb on nonpattern-matched regions of the surface, these states are short-lived compared with the strongly adsorbed, pattern matched states ͑these results are relevant for surface interactions on the order of kT).
14 Therefore, once formed, the energetically favorable contacts do not fluctuate for time scales relevant to our problem.
Analysis of the four different types of contacts around the adsorption transition suggests the conformations that the polymers adopt at the adsorbed and desorbed states. This analytical approach also enables separate calculations of the energy and the entropy gaps between the desorbed and adsorbed states of the RHPs separately, revealing the thermodynamic state of the RHPs in the vicinity of the adsorption transition. We find that when interactions among segments are weak, the bare polymer is free to fluctuate among many conformations ruled mostly by unfavorable contacts among the segments. In this situation, increasing surface disorder strengths are needed to strongly adsorb the polymer as the interactions among the segments are increased. Furthermore, the strongly adsorbed RHPs have only a few interactions among the polymer segments, suggesting that the RHPs adsorb in flat and stretched conformations. Conversely, when the interactions among the polymer segments are very strong, the RHP is in a low entropy state in absence of the surface, and thus it undergoes the adsorption transition at lower surface site coverage with increasing interactions among the segments. This explains phenomena seen earlier in MC simulations, where the competition between interactions among the polymer segments and interactions between the surface and the segments resulted in a nonmonotonic plot of the adsorbed fraction of monomers as a function of interactions among segments. 13 The article is organized as follows. In Sec. II we develop the model. In Sec. III we analyze and discuss our results. We summarize and conclude in Sec. IV.
II. MODEL DEVELOPMENT
We consider a model of two-letter RHPs with symmetric compositions and short-range correlation for sequence fluctuations. The specific interactions among the polymer segments are measured by the parameter b. We take b to be less than zero, which is tantamount to Flory's chi parameter, F , being greater than zero, and discourages A -B contacts in the absence of the surface. In other words, A -A and B -B interactions lead to good contacts which are energetically favorable, and A -B interactions lead to energetically unfavorable, or bad contacts. We study the behavior of an infinitely dilute solution of such RHPs as it interacts with a disordered multifunctional surface. We model a surface that is overall neutral and has two types of adsorbing sites that are randomly distributed. Such surfaces can be characterized statistically and are relatively easy to prepare. [2] [3] [4] [5] [6] 19 One type of site interacts favorably with A-type segments and unfavorably with B-type segments, while the other types of site interacts favorably with B-type segments and unfavorably with A-type segments. Therefore, we can characterize the system by four types of contacts: energetically favorable ͑or good͒ and energetically unfavorable ͑or bad͒ contacts between the RHP segments and surface sites, an contacts formed among the RHP segments. The fluctuations of good contacts are considered negligible for time scales considered in this problem.
A. Energy
For a given number of total contacts with the surface, p, of which q are good, and total number of contacts due to interactions among the segments, pЈ, of which qЈ are good, the energy is
where k B is Boltzmann's constant, T is the temperature, ␦E and ␦EЈ are the energy differences between good and bad segment-surface and segment-segment contacts, respec- 
B. Entropy
In order to obtain an expression for the entropy, we must consider two general coexisting factors: the entropy loss that is due to adsorption onto sites on the surface, and the entropy loss that is due to the propensity to form segment-segment contacts. Chakraborty et al. 12 derived an expression for the entropy loss ͑as a function of p and q͒ due to the adsorption of the different polymer segments onto sites on the surface. Our model builds upon the above derivations and accounts for contacts formed due to specific interactions among the segments. We find an interesting dependence of the pattern recognition transition observed between RHPs and disordered surfaces on the interactions among the polymer segments.
The contributions to the entropy can be divided into three main categories: the entropy of mixing, the entropy of adsorption, and the loop entropy. These different contributions are discussed below.
͑a͒ The entropy of mixing, S mix , is the entropy associated with having p out of N segments on the surface, as well as having 2pЈ polymer segments form pЈ contacts away from the surface. In the limit of a long polymer chain, S mix , is given by
where p ϭ p/N and p ЈϭpЈ/N. The first two terms account for contacts made with the surface and the remaining terms account for the formation of contacts due to interactions among the polymer segment.
͑b͒ The entropy loss due to the adsorption of p segments on sites on the surface, S ads , involves two terms. First, there is a term proportional to p, due to the adsorption of p segments on the surface. A second term proportional to the loga-rithm of the surface site loading ͑given by 1 2 ͒ is necessary since the segments are only allowed to adsorb on sites on the surface. 12 Thus,
where depends on the stiffness of the polymer and on conformational changes resulting from adsorption, 20 l is the Kuhn segment length, and a is a constant.
͑c͒ Lastly, the loop entropy, S loop , is the entropy associated with the formation of loops that begin and terminate on the surface, and loops that result from contacts among the polymer segments. The derivation of the former contribution to the loop entropy is described in detail in Ref. 12 . Essentially, the two kinds of contacts with the surface, good and bad, lead to two kinds of loops when the chain is adsorbed. Since good contacts are formed by energetically favorable interactions with the surface, certain polymer segments must adsorb onto particular sites on the surface in making these contacts. Good contacts, therefore, are constrained by the surface and polymer disorder statistics, forming ''quenched'' surface loops. Loops formed through other contacts with the surface fluctuate freely by sampling many loop lengths and end-to-end distances on the surface; they are unconstrained and thus can anneal. These annealed surface loops fluctuate within the quenched surface loops with an unconstrained redistribution and with the same concentration within each quenched surface loop.
In an analogous manner to the formation of surface loops, there is a loop entropy loss due to the formation of two kinds of loops associated with making contacts among the segments. 21 Energetically favorable contacts form when segments of the same type interact. These contacts are constrained only by the statistics determining the distribution of the different segment types along the chain backbone. Loops formed through these contacts do not fluctuate. Other types of contacts between segments are not energetically favorable, and are thus free to fluctuate, or anneal. The loop factor, PЈ, for a polymer chain of length nЈ with an end-to-end distance dЈ between two good contacts is easily derived to be 22 PЈ͑nЈ,dЈ͒ϭ c nЈ
where c is a constant that depends on chain flexibility. The average loop length, nЈ, is simply the total number of segments, N, divided by the number of good contacts, qЈ. The distance of dЈ depends on the sequence statistics since the contacts defining the two ''loop'' ends must be energetically favorable. The simplest case is of a Gaussian chain with short-ranged sequence correlation, dЈϰnЈ is the variance in the polymer segment sequence distribution and equals 4 f (1Ϫ f ). For a symmetric distribution, f ϭ1/2 and 2 2 ϭ1. Substituting expressions for nЈ and dЈ into Eq. ͑4͒, we can calculate the quenched loop entropy for qЈ loops as
where aЈ is a constant of proportionality. Unfavorable contacts among the segments form fluctuating annealed loops that are unconstrained ͑apart for a fixed total chain length͒, and are thus homopolymeric in nature. Hence, within the mean-field approximation, the entropy of formation of these ''bad'' contacts among the RHP segments can be calculated as the entropy of a homopolymer in the presence of a uniform external field that forces p a Ј contacts. For the present problem, p a Ј is the number of energetically unfavorable contacts among the polymer segments and equals (pЈϪqЈ). Grosberg et al. 23 studied the homopolymer problem, and found the entropy to scale as N
, where B is the second virial coefficient. In addition, they showed that the number of binary collisions scales as N 1/2 B. Combining these two results we can thus relate the annealed loop entropy, S a Ј , to the number of bad contacts forming such loops, p a Ј , and find that
where k is a constant of proportionality. The expression for the overall entropy loss is obtained by combining the entropy contributions of making the various types of loops on and away from the surface. To begin, we assume that within the quenched looped formed by good contacts with the surface live annealed loops that are formed by making bad contacts with the surface. We also assume that both quenched and annealed loops that are formed through contacts among the segments live within the quenched surface loops. Apart from the constraint of a fixed total chain length, the distribution of annealed segment loops and annealed segment-segment loops living in the quenched surface loops is unconstrained. This implies that the concentration of the different annealed loops is the same in each quenched surface loop. We can thus approximate the total loop probability factor for a quenched loop on the surface with annealed surface loops, annealed segment-segment loops, and quenched segment-segment loops living within it. The resulting expression for the entropy that accounts for all loop types is .
͑9͒
The good and bad contacts with the surface sites ͑among segments͒ are related by the probabilities of forming good surface ͑segment͒ contacts, as follows:
where
ϱ is the probability of making a good contact at infinite temperature and is related to the surface ͑sequence͒ statistics ͑see Ref. 12 for a deeper discussion of P g ϱ ). For the present model, P g Ј ϱ is simply equal to f, the fraction of A-type segments since we are considering RHPs made up of chemically uncorrelated monomer units. F q Ј and F a Ј are the free energies associated with making quenched and annealed contacts among the segments, respectively.
The final step in the derivation of the free energy is to relate the contacts formed among the segments to the contacts made with the surface. The number of contacts made through interactions among the segments is probably not independent of the contacts made with the surface since it is likely that as the chain adsorbs, some contacts between the segments will be broken and new ones will be formed. The relationship beween the different kinds of contacts is as follows: For p adsorbed segments, the total number of contacts among the segments is the sum of the probability of making a contact between segments adsorbed on the surface (␣ s ) times the number of segments on the surface, and the probability of making a contact among the segments away from the surface (␣ b ) times the number of segments that are not adsorbed. Symbolically, this is written as
␣ s and ␣ b can be approximated as the probabilities of finding two adjacent segments on the surface and among the segments away from the surface, respectively. These probabilities are simply the square of the density of segments in each respective case. The mean densities of segments on the surface ( s ) and away from the surface ( b ) are
where A is the projected area of the polymer, R g 2 , where R g is the radius of gyration of the free polymer, and V is the volume of the polymer, 4/3R g 3 . Minimization of the free energy density of Eq. ͑9͒ with respect to p must be carried out self-consistently. We obtain p Ј, q Ј, q , and free energies that correspond to values of p numerically for fixed values of the distinct segment interaction parameter, b, and surface site loading, 1 2 . We repeat the iteration procedure for various values of 1 , b, and other parameters (c, , l, etc.͒.
III. RESULTS AND DISCUSSION
Our analytical model enables us to evaluate the role of distinct and competitive interactions among the segments on the adsorption behavior of RHPs on multifunctional statistically disordered surfaces. An explicit calculation of the entropy state of the RHP at different stages along the adsorption transition explains physical phenomena seen earlier using computer simulations. 13 It has already been established that the adsorption of RHPs on multifunctional surfaces occurs in two steps. [9] [10] [11] [12] [13] First, there is a continuous adsorption transition as the surface site loading is increased. This transition is followed by a sharp transition from weak to strong adsorption of the RHP at a threshold value of the surface site loading, characteristic of a pattern recognition transition. We find that the types of contacts made ͑energetically unfavorable or favorable contacts among segments and with surface sites͒ at the different stages of the adsorption transition shed light on the conformational behavior of the polymer.
First, in Fig. 1 we show a typical adsorption curve predicted by our model for fixed segment interaction parameter, b ͑when bϭ0, results of Ref. 12 are reproduced͒. At small values of 1 , there are a few sites on the surface. At this stage, the favorable interactions with the surface are not strong enough to overcome the entropy penalty of adsorption, hence only a few segments if any adsorb. Therefore, for long chains, the fraction of good contacts with the surface is insignificant. Only after the RHP undergoes the sharp ad- sorption transition does the fraction of good contacts with the surface take on measurable values, and, in fact, the polymer's adsorbed conformations are dictated by mostly good contacts with the surface. We also see that beyond the sharp transition q /p gradually approaches unity, suggesting that the polymer slowly folds into the most favorable adsorbed conformation. These results agree well with MC simulations, which predict a second continuous transition wherein the polymer freezes into a few conformations soon after the sharp adsorption transition. 10, 11, 13 The effects of increasing the strength of interactions among the segments on the adsorption curves is discussed in the following paragraphs.
In Fig. 2 we plot the fraction of the total number of contacts formed among the segments that are good, qЈ/pЈ, as a function of the segment interactions parameter, b. Here, the variables are evaluated for small values of 1 , or when there are a few sites on the surface, and the RHPs are not yet adsorbed. When ͉b͉ is small, corresponding to weak interactions among the segments, the fraction of contacts that are good is negligible. At a threshold value of ͉b͉, there is a sharp transition beyond which the majority of contacts made are good. Beyond the transition, the RHPs sample a few energetically favored conformations. As ͉b͉ is further increased, there is a continuous transition in which qЈ/pЈ approaches unity and the RHPs slowly fold into the lowest energy state that is determined by the sequence statistics. Numerical calculations ͑not shown͒ of pЈ and qЈ for values of 1 beyond the adsorption transition observed in Fig. 1 , suggest that the total number of contacts formed among the segments is negligible for most values of b. At high surface site densities, the RHP is strongly adsorbed in conformations that are determined by the pattern of sites on the surface. The number of energetically favorable contacts with the surface is large and does not allow for the formation of many contacts among the polymer segments. Both nondynamic ͑un-published results͒ and dynamic simulations 14 show that, indeed, the RHPs strongly adsorb in relatively flat conformations such that contacts between the segments are physically hard to make.
In Fig. 3 , a plot is shown of the surface site loading at which the sharp adsorption transition occurs, t , as a function of ͉b͉. The results are in good qualitative agreement with simulation predictions by the authors ͑see inset of Fig.  3͒ . 13 We see an interference between the two frustrating mediums, 1 and b. When the interactions among the segments are weak, it becomes increasingly difficult to strongly adsorb the chain with increasing segment interaction strengths. For these values of ͉b͉, the polymer adsorbs at increasing surface disorder strengths, which are needed to overcome the increasing interactions among the segments. However, for magnitudes of b exceeding the turning point seen in Fig. 3 , the chain adsorbs more readily with increasing interaction strengths. A plot of the entropy gap between the states of the polymer before and after the sharp adsorption transition as a function of the magnitude of b clarifies the nonmonotonic behavior described above. By comparison with Fig. 3 , we see that the maximum entropy gap in Fig. 4 corresponds to the magnitude of b at the turning point, b tp , and the gap decreases with further increase of the interactions among the segments. Upon further comparison with Fig. 2 , we see that b tp is also the magnitude of the interaction between the segments required for the chain to undergo a sharp transition where mostly good contacts among the RHP segments are formed in absence of the surface. Therefore, for these magnitudes of b and beyond, the chain is already confined to a small number of conformations dictated by the strong seg- ment interactions even before it adsorbs. At this stage the entropy is already low, and therefore the penalty the RHPs experience upon adsorption is not very high. The favorable interactions made with the surface easily outweigh the lower entropy penalty, and the chain adsorbs more readily than for lower values of ͉b͉.
IV. CONCLUSIONS
We studied the adsorption behavior of RHPs with distinct and competitive interactions among the segments on disordered multifunctional surfaces. We presented a simple theory that accounts for the formation of four types of interactions. The segments of the RHPs interact favorably or unfavorably. Similarly, the polymer segments can adsorb onto sites of the surface through energetically favorable or unfavorable interactions. The theory allows for explicit calculations of the relative fraction of these contacts as a function of the surface site loading and the strength of competitive interactions among the RHP segments ͑as well as other parameters of interest, e.g., chain flexibility, monomer size, etc.͒. Evaluation of the entropy gap between the strongly adsorbed state and the desorbed state of the RHPs explains the nonmonotonic behavior seen in a plot of the magnitude of the polymer segment interactions as a function of the surface site loading at which the adsorption transition occurs. The predicted adsorption behavior is in very good qualitative agreement with simulations. 13 Furthermore, our results suggest that after the adsorption transition, the RHPs form many favorable contacts with the surface but have a negligible number of contacts among the segments. Therefore, when strongly adsorbed, the RHPs are found in flat and stretched conformations.
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